A B S T R A C T This paper proposes a novel experimental-numerical approach for radiation heat transfer in semi-crystalline thermoplastics. The proposed experimental and numerical approaches were analyzed here for the case of IR heating of linear polyethylene (PE). The challenges for radiation transport in semi-crystalline polymers may be categorized into the two main aspects: optical heterogeneity in polymer medium due to semi-crystalline nature and, semi-transparency in certain type of such polymers, like PE. In this study, we address the temperature dependence in the thermo-optical properties of semi-crystalline thermoplastics concerning its effect as a thermal radiation parameter for radiation heat transfer modeling of such type of polymers. The temperature dependence in the optical properties of PE, namely transmittance and reflectance characteristics, were experimentally analyzed under heating condition and, the temperature-dependent thermo-optical properties of PE was determined. The experimental analyses showed that the change in the thermo-optical properties under heating is related to change in the optical scattering behavior in PE medium since it is strongly affected by its crystalline structure. The radiation heat transfer model was built based on optically homogeneous medium assumption at which the change in the amount of radiative energy absorbed by the PE medium under heating was introduced without modeling how the light scatters inside of the medium. Thus, the effect of optical scattering on the absorption characteristics of PE under varying temperature was taken into account without modeling the spatial distribution of the scattered light intensity at microscopic level, which offers computationally cost-effective numerical solutions. The accuracy of the numerical model was analyzed performing IR heating experiments where IR thermography and thermocouples were employed for the surface temperature measurements. Due to the semi-transparent nature of PE, an experimental method was developed for IR thermography of PE and its accuracy was analyzed. The experimental-numerical comparisons showed that the temperature field on PE can be closely predicted using its temperature-dependent thermo-optical properties. Thanks to the adopted comparative case study, it was demonstrated how the temperature field predictions may deviate from the experimental thermal measurements due to the ignorance of this temperature dependence. Considering any type of monochromatic or polychromatic radiation source, the combined experimental-numerical approach proposed here may be adopted for temperature field predictions and non-invasive surface temperature measurements on the radiatively heated semi-crystalline thermoplastics.-
Introduction
IR heating is widely used for thermoforming process of semi-crystalline thermoplastics. Thermoforming window -which is the temperature range required for a successful forming process -of semicrystalline thermoplastics is much narrower than amorphous thermoplastics, as the latter one is driven into rubber-like state above their glass transition temperature (T g ) that provides relatively large processing window [1] . Conversely, semi-crystalline thermoplastics can be softened enough around their melting range which causes a narrow thermoforming window. Above T g of such a polymer, its semi-crystalline phase still stands that keeps the material in tough-elastic state until crystals melt down in melting range [1, 2] . As a consequence, the final temperature state at the end of the heating stage plays a major role for achieving a successful forming process with respect to the quality of a thermoformed part. Therefore, predictive model for accurate temperature distributions is crucially important whereas it is known that the crystalline structure of polymers introduces an optically heterogeneous medium which causes optical scattering phenomenon [3] [4] [5] [6] [7] .
In terms of modeling the radiation heat transfer in optically heterogeneous media, numerous examples of modeling approaches exist in literature that adopt well-known optical scattering theories, such as Rayleigh-Debye-Gans [8] or Mie [9, 10] theory which allows to predict the spatial distribution of the scattered light intensity accurately. However, such radiation heat transfer models that handle complex radiation physics may be computationally costly, especially if spectral or geometrical complexity in a heated component is involved [11] . In contrast to laser heating applications, the radiation emitted by an IR source and transferred through a polymer medium is not monochromatic, but in a range, which introduces such a complexity in terms of modeling of optical scattering, as the scattering behavior may change under varying wavelength in the spectral range of emitted radiation. Such a wavelength-dependent scattering behavior in semi-crystalline polymers was discussed in Refs. [4, 5, 12] . The common point that was stressed out in those studies is that the scattering behavior becomes weaker considering an increase in the wavelengths roughly between 0.5 μm and 2 μm, which lies in the visible (VIS) and near-infrared (NIR) ranges.
Apart from the computational cost due to spectral complexity of IR radiation, the strong coupling between the crystalline structure of unfilled semi-crystalline thermoplastics and their optical scattering behavior may also increase the complexity of a numerical approach, and thus computational cost. It is known that optical scattering in semicrystalline polymers are strongly related to their crystalline structure where the optical scattering behavior may evolve under heating, due to a potential change in their crystalline phase at the temperatures close to their melting ranges. It may therefore be useful to adopt a numerical model that considers this temperature-dependent optical behavior. Generally speaking, the studies that focus on the radiation heat transfer modeling for unfilled semi-crystalline thermoplastics rely on their thermo-optical properties analyzed at room temperature which results in a lack of modeling predictions in terms of temperature dependence in their absorption characteristics. One of the first efforts was given by Keller et al. [13] to explain temperature dependence in the absorption characteristics of various semi-crystalline polymers which was eventually used as numerical input for laser processing modeling. In their study, it was experimentally proven that the optical penetration depth of nylon 11 (PA 11), which physically represents how strong radiation energy attenuates into the medium, increases once the temperature increases while an inverse trend was observed for polyethylene terephthalate (PET). Becker et al. [14] proposed temperature-dependent optical properties for semi-crystalline polypropylene (PP), named as "effective absorption constant". However, the temperature dependency in absorption characteristics of PP was modeled based on the change in the density of the polymer in the corresponding temperature range, eluding the physical background of scattering phenomena. Similarly, temperature-dependent absorption properties were introduced as a numerical input for laser transmission welding (LTW) process simulations of short glass fiber filled and unfilled PP and PA6 in Ref. [15] . The behavior about the absorption characteristics of the unfilled semicrystalline polymers under varying temperature was however not highlighted. In addition, in the most of those studies, the temperature dependence in the thermo-optical properties of semi-crystalline thermoplastics was analyzed at single wavelength, as laser assisted heating is performed at monochromatic wavelength. However, in case of IR heating of semi-crystalline polymers, the temperature dependence in their optical properties required to be characterized in a large spectral range. Because, the radiation emitted from an IR lamp is not at a monochromatic wavelength but in a spectral range, unlike to the laser heating.
In this paper, a novel experimental and numerical approach for radiation heat transfer in semi-crystalline thermoplastics is proposed. The experimental and numerical approaches were analyzed for the case of IR heating of PE polymer. For the study, the temperature-dependent transmittance and reflectance characteristics of semi-crystalline PE was experimentally analyzed considering different temperatures between 25°C and 128°C. Under heating condition, the variation in the optical scattering behavior inside of PE medium and its crystalline phase evolutions were analyzed considering two different transmittance measurements, namely directional-directional (T λ i,r (T)) and directional-hemispherical transmittance (T λ i,∩ (T)). The effect of both the measurements on the determination of the absorption characteristics of PE was highlighted. The analyses were extended characterizing the directional-hemispherical reflectance (R λ i,∩ (T)) of PE. Assuming an optically homogeneous medium, the measured T λ i,∩ (T) and R λ i,∩ (T) were used to calculate an equivalent temperature-dependent extinction coefficient (β λ (T)). The calculated β λ (T) were then used as numerical input so that the temperature dependence of absorbed radiative energy by the PE medium was taken into account in the model. Thus, the effect of optical scattering on the absorption characteristics of PE under varying temperature was considered without modeling the spatial distribution of the scattered light intensity, which offers computationally cost-effective numerical solutions. The computational study was carried out using an in-house developed radiation heat transfer algorithm -RAYHEAT-and the commercial software -COMSOL Multiphysics®-, where iterative closed-loop computations were performed establishing a connection between them via MATLAB LiveLink. In order to assess the accuracy of the model, IR heating experiments were performed using PE plates and, surface temperature measurements were obtained via IR thermography and contact thermocouples. Since the spectroscopic analyses showed that PE has three narrow bands where the polymer is close to be opaque, an experimental methodology was developed for obtaining the most accurate surface temperature measurements on PE via IR thermography. The accuracy of IR thermography of PE was analyzed performing successive IR thermography tests.
Characterization of temperature-dependent optical properties

Materials and sample preparations
Highly crystalline linear PE was used in this study. The averaged peak crystalline melting temperature and the weight-average molecular weight (M w ) of the studied PE resin is around 132°C and 150000 Daltons, respectively. The PE polymer in the form of pellets was injection molded and square PE plates with dimensions of 78 × 78 × 2.2 mm were fabricated. In order to analyze the temperature-dependent optical characteristics of PE, the injected plates were then cut into small pieces and compressed in a heating chamber at 180°C in order to obtain thin samples with controlled thickness. All the compressed samples were quenched into liquid nitrogen (LN 2 ) immediately after opening the heating chamber. The main reason for quenching the compressed PE samples is to achieve the closest crystalline structure possible in comparison to the crystalline structure of the industrial PE precursors used for actual thermoforming processes of PE. In the actual thermoforming process of PE in industry, the PE precursors are fabricated under rapid cooling conditions prior to the IR heating and forming steps, where their crystalline phase is greatly affected by cooling speed. The samples were prepared under the identical preparation conditions in three different thicknesses (0.25, 0.50 and 0.75 mm). The thickness measurements of the compressed samples showed that the thickness variation in each sample is around ± 20 μm. In addition, the surface roughness of the compressed PE samples was analyzed regarding the surface characteristics of the metal compression plates of the heating chamber. Due to the semi-transparency of PE polymer, its surface roughness could not be obtained appropriately using a non-contact profilometer. Instead, the tests were conducted using the compression plates, where its surface roughness was assumed identical to the PE samples. The arithmetic mean (R a ) and root-meansquare roughness (R q ) of the compression plates were found around 0.37 and 0.46 μm, respectively. The further details related to the sample preparation can be found in Ref. [5] .
Apart from the small samples used for the temperature-dependent optical properties measurements, several numbers of the fabricated PE plates were kept for the IR heating experiments to perform preliminary IR thermography analyses and the numerical-experimental comparisons that are presented in Section 4.
Test methodology for temperature-dependent spectroscopic measurements
The temperature dependency in the optical properties of PE was analyzed performing T λ i,r (T), T λ i,∩ (T) and R λ i,∩ (T) tests. The overview of the test setups used for T λ i,r (T), T λ i,∩ (T) and R λ i,∩ (T) measurements are schematically displayed in Fig. 1 (a) , (b) and (c), respectively. The T λ i,r (T) tests were done using a Fourier Transform Infrared (FT-IR) spectrometer (Bruker Vertex 70) and, the T λ i,∩ (T) tests were performed employing another FT-IR spectrometer (PerkinElmer 950) combined with an integrating sphere. For both the T λ i,∩ (T) and T λ i,r (T) tests, a heating stage (Bruker A599) was used so that the PE samples, which has a diameter (D) of 13 mm, were mounted into the heating stage and, heated by conduction during the measurements. The heating stage was positioned at the entrance port of the integrating sphere for the T λ i,∩ (T) tests whereas no integrating sphere was used in the T λ i,r (T) tests. Considering an optically heterogeneous medium, the incident light flux (ϕ λ i ) may be either directly transmitted or scattered. Hence, as shown in Fig. 1 (b) , transmittance tests performed with integrating sphere enable to detect both the forward-scattered (ϕ λ s ) and directly transmitted (ϕ λ t ) light fluxes which travel through such a heterogeneous medium. The identical temperature steps were adopted for both types of the transmittance test. Between the two consecutive measurement steps of both the T λ i,∩ (T) and T λ i,r (T) tests, the samples were heated up in a monotonically increasing manner and waited for 2 min to reach a steady-state temperature.
The R λ i,∩ (T) tests were done employing SOC-100 model Hemispherical Directional Reflectometer (HDR) built by Surface Optics Corporation. The average waiting time for the R λ i,∩ (T) tests was around 5 min where the samples were also heated by conduction using the heating unit of the SOC-100 HDR ( Fig. 1 (c) ). Since two different heating units were used for heating the samples in the temperaturedependent transmittance and reflectance tests, the waiting time for reaching steady-state temperature at each consecutive temperature step was different. In addition, for the R λ i,∩ (T) tests, a thin piece of black metal plate was mounted between the heating unit and the PE sample as our previous studies showed that PE is highly semi-transparent [5, 16] . Thanks to this step, the amount of radiation flux that is transmitted through the sample medium would not reflect back and received by the detector, which may avoid having an erroneous reflectance measurement.
The T λ i,∩ (T) and R λ i,∩ (T) tests were done using the 0.25, 0.50 and 0.75 mm thick PE samples whereas the T λ i,r (T) tests were carried out using 0.75 mm thick samples. It should be mentioned here that the crystalline morphology of PE may be altered under varying temperature, in particular the crystalline substructures, namely the lamellae [17, 18] . Hence, several numbers of samples were prepared in identical condition and each sample was used for each individual T λ i,r (T), T λ i,∩ (T) and R λ i,∩ (T) test. The reason behind this is to eliminate potential change in the optical characteristics of PE that may be induced by the difference in the crystalline phase of an already-tested sample. However, the waiting time at the each temperature step of all the T λ i,r (T), T λ i,∩ (T) and R λ i,∩ (T) tests may allow melting-reorganization in the crystalline phase of linear PE [19] , especially at the temperatures close to its melting range. Nevertheless, it was assumed that the potential effect of the reorganization in the crystalline phase of PE to the optical characteristics is negligible. In total, the transmittance and reflectance measurements were performed at 15 and 11 different temperature steps, respectively. The ambient temperature during the spectroscopic measurements was 25°C. Overview of all the T λ i,r (T), T λ i,∩ (T) and R λ i,∩ (T) tests are presented in Table 1 . In the table, the temperature steps represent the actual temperature (T actual ) on the sample surface where the measurements were done. It was observed that the set temperature (T set ) on both the heating devices and, the T actual on the measurement zone were different. Thus, preliminary tests were done for determining the T actual of each adopted measurement step prior to the T λ i,r (T), T λ i,∩ (T) and R λ i,∩ (T) tests. It should be noted that the degree of crystallinity (X c (%)) of all the PE samples was determined via calorimetric analyses, prior to the temperature-dependent spectroscopic measurements. It was found that X c of all the quenched PE samples was around 67%, whereas, under heating, this value was reduced to around 62%, 57% and 34% at 100°C, 115°C and 128°C, respectively. Apart from determining the T actual for all the tests, the temperature variations alongside the polymer surface was investigated for the heating case applied in both the T λ i,r (T) and T λ i,∩ (T) tests. The heating stage used in these tests heats the material from its edge, and therefore the middle of the sample -where transmittance measurements are performed-has a lower temperature which may be critical in terms of accuracy in the measurements. The preliminary tests dedicated for analyzing these points were carried out using poly (ethylene terephthalate) (PET) samples. For each temperature step, the temperature profile on the PET surface was recorded using an IR camera (FLIR SC325). PET was chosen as a reference material for these analyses as, it is opaque in the operating range of a typical IR camera in contrast to PE polymer [20] . Hence, a reliable surface temperature on PET could be obtained via IR thermographic measurements [21] . It was then assumed that the temperature recorded from PET surface is identical to the PE samples considering that conduction and convection heat transfer are identical for both the polymers. Obtaining the temperature profile from the edge through the middle of the sample enables to adjust the size of the incident light that is transmitted through the sample, which represents transmittance measurement zone. Because the temperature variations are desired to be negligibly small in the transmittance measurement zone so that a reliable correlation between the actual measured temperature and the transmittance can be obtained at each measurement step. Thus, the beam width of the incident light that is sourced from the spectrometer was set to 1.5 mm since the temperature variation inside of this zone was lower than 0.3°C. For the R λ i,∩ (T) tests, the preliminary tests were done using 0.5 mm thick PE samples and the T actual of each measurement step was determined using the thermocouple (TC) of the heating unit in SOC-100 HDR. As shown in Fig. 1 (c) , the TC is attached on the top surface of the sample where also the reflectance measurements are performed. Since the sample is heated from below in these tests, the temperature variation through its thickness is likely to happen. However, it may be relatively small considering the thicknesses of the tested samples, which are between 0.25 and 0.75 mm. Hence, it was assumed that the effect of thickness on the top surface temperature of all the tested samples is negligibly small. Therefore, T actual of each measurement step obtained using 0.5 mm thick samples was also adopted for 0.25 mm and 0.75 mm thick samples. In addition, thermal coupling agent was used between the heating unit and the sample to secure good thermal contact in each R λ i,∩ (T) test.
Temperature-dependent thermo-optical properties of PE
As aforementioned, the crystalline structure of semi-crystalline polymers introduces an optically heterogeneous medium which induces optical scattering and complex radiation transport inside of polymer medium. Potential evolution in their crystalline structure under varying temperature may therefore causes to change the optical scattering behavior. The question arises here about the accuracy of the temperaturedependent absorption characteristics of PE medium, parametrized as β λ (T) in this study. β λ of a semi-transparent medium is theoretically calculated using the medium's reflectance and transmittance characteristics [22, 23] . Hence, it is of prime importance to understand which type of optical measurement may provide the most accurate calculation on the temperature-dependent absorption behavior in the optically heterogeneous and semi-transparent PE medium. In order to investigate this point; a critical analysis was carried out considering the temperature-dependent T λ i,r (T) and T λ i,∩ measurements on the 0.75 mm thick identically prepared PE samples. In Fig. 2 , the T λ i,r (T) of a PE sample was compared to its T λ i,∩ values that were measured at 25°C. In the figure, the T λ i,r (T) measurements are labeled regarding the temperature at which they were obtained. As displayed in the figure, there is a significant difference between the measured T λ i,r and T λ i,∩ of the identical PE sample. The dashed line displayed in the figure show that the T λ i,∩ of the sample is around 72% at 1 μm, whereas its T λ i,r measured at 25°C is around 4%. It is a clear evidence that significant part of the transmitted light flux is actually forward-scattered as the T λ i,r measurements lack in detecting all the transmitted light flux through the optically heterogeneous medium. It should also be noted that some amount of the light flux may also be back-scattered inside of the polymer medium and may not enter the integrating sphere [24] . This point is discussed further in Ref. [5] based on the comparison between the T λ i,r and T λ i,∩ of PE samples prepared in different thicknesses and analyzed at room temperature. It was observed that the amount of backscattered light flux may be negligible in comparison to ϕ λ s considering the same spectral range, presented in Fig. 2 .
At higher temperatures, the T λ i,r (T) values increases and surpasses the T λ i,∩ that was obtained at 25°C, which can be attributed to the weaker optical scattering under heating condition. Once the Table 1 The PE samples and the testing characteristics of the T λ i,r (T), T λ i,∩ (T) and R λ i,∩ (T) tests. temperature is above 114°C a dramatic increase in the T λ i,r (T) is seen. It reaches its maximum values above 120°C which is around 90% transmittance at 1 μm. The changes in the color of the polymer under heating can also be seen clearly in the successively taken photos during the test (Fig. 2 ). The PE polymer has a milky color at lower temperatures and becomes totally transparent after 120°C. The reason behind these changes is obviously related to crystalline structure evolutions since the optical scattering becomes weaker at higher temperatures, especially closer to the melting range of PE [5] . In addition, the comparisons between the T λ i,r (T) and T λ i,∩ of an identical PE sample indicates that the amount of scattered and transmitted light may not be negligible for optically heterogeneous semi-crystalline PE medium, otherwise its temperature-dependent absorption characteristics may be overestimated, due to underestimation of transmittance levels. Consequently, in this study, the temperature-dependent absorption characteristics in semi-crystalline PE was determined characterizing its T λ i,∩ (T) and R λ i,∩ (T). In Fig. 3 (a) and (b), the typical trend obtained in each T λ i,∩ (T) and R λ i,∩ (T) tests are presented, respectively. It is seen in Fig. 3 (a) that the T λ i,∩ of the 0.75 mm thick sample in the range 0.4-1.7 μm increases under heating where the increase is more pronounced after 116°C. This corresponds to temperatures close to the melting range of PE [5] . In addition, no significant change was observed in T λ i,∩ of all the tested PE samples for the wavelengths greater than 1.7 μm. It was thus assumed that T λ i,∩ remains unchanged under heating considering the spectrum between 1.7 and 2.5 μm. Furthermore, similar to the trend seen in the T λ i,r (T) measurements, the T λ i,∩ at 1 μm of the 0.75 mm thick sample that is around 72% at 25°C increases up to 90% at 128°C. Hence, one can analyze that the T λ i,r (T) and T λ i,∩ of the identically prepared different PE samples show the same level of transmittance once the polymer becomes transparent above 120°C. It is a clear evidence that PE medium becomes completely optically homogeneous above these temperature, since the T λ i,r (T) and T λ i,∩ measurements obtained from two different FT-IR spectrometer are very close. The variation between all the identically prepared and tested samples was found around 0.3-0.5% which can be attributed to small variations in the sample thicknesses.
In addition, the temperature dependent trend in the T λ i,∩ values of 0.25 and 0.5 mm thick PE samples showed similar behavior to the one presented in Fig. 3 although, small variations were observed about the temperature at which their T λ i,∩ greatly increases. This might be due to the difference in their optical scattering characteristics that may result from some differences in their crystalline morphology. Indeed, although all the PE samples were quenched into LN 2 , the difference in sample thicknesses may cause some variations in their cooling history and thus in morphology of the linear PE [25] .
In contrast to the trend in T λ i,∩ (T), an inverse relation between the R λ i,∩ of PE and temperature was observed. As shown in Fig. 3 (b) , the temperature change is less effective on the reflectance of PE in comparison to its temperature-dependent transmittance. Similar to the findings in the T λ i,∩ (T) tests, consistency was observed in the decreasing trend in the R λ i,∩ (T) of all the tested PE samples tests above 107°C. For the sake of brevity in Fig. 3 (a) and (b), the temperature dependent trend in the T λ i,∩ and R λ i,∩ values are presented considering only certain number of measurement steps.
In previous studies [5, 26] , it was found that the strong coupling between crystalline morphology and the transmittance characteristics of PE becomes negligible in MIR range (2-25 μm) . It was therefore assumed in this study that the transmittance characteristics of PE in MIR range are independent of temperature. Hence, T λ i,∩ of the PE samples measured at room temperature was adopted for this range. Conversely, no temperature-dependent R λ i,∩ (T) measurements were able to be obtained for the wavelengths lower than 2 μm, due to the limitations in the spectral response of the employed FT-IR devices. Therefore, temperature dependency in the reflectance characteristics of PE was assumed negligible for the wavelengths lower than 2 μm. Although this is not a rigorous assumption, in the corresponding spectral range, the further R λ i,∩ tests were done at 25°C using PE samples prepared with identical thicknesses, but with different crystalline structures where the samples were annealed under stepwise cooling. It was observed that the crystalline structure of PE has a slight effect on its R λ i,∩ values. It was thus assumed that a change in the crystalline structure under varying temperature has a negligible effect on the R λ i,∩ of PE. Based on the measured T λ i,∩ (T), R λ i,∩ (T) and the conservation of radiative energy (Equation (1)), the fraction of absorbed energy, also called absorbance (A λ i,∩ (T)) can be determined for each temperature step. Assuming an optically homogeneous semi-transparent medium, β λ of PE polymer can be calculated at each corresponding temperature step regarding the transmittance and the reflectance characteristics of its medium (Equation (2)) [22] .
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In Equation (2), x, τ λ and ρ λ represent thickness, intrinsic transmittivity and reflectivity of the PE, respectively [22] . The computation of β λ at each temperature step was carried out in MATLAB adopting an inverse method based on SQP (Sequential Quadratic Programming) estimation algorithm. In the method, double objective function (J) was created considering the experimental and numerically computed reflectance (R numerical (T)) and transmittance (T numerical (T)) values (Equation (3)). T numerical and R numerical was computed adopting Equation (2) and initial guessed values for ρ λ and τ λ . The iterative-based computation was performed until the solver error condition is satisfied at which the value of J is smaller than the tolerance value (1e-6). At the end the iterative computation, the ρ λ , τ λ values, and eventually β λ was determined. This computation was done for the each measured T λ i,∩ (T) and R λ i,∩ (T) values at each corresponding temperature step. The in-house developed estimation algorithm is explained further in Ref. [27] .
In Fig. 4 (a) and (b), the computed β λ (T) values are presented considering the spectrum between 0.6 and 7 μm. Again, for the sake of clarity, some of the computed β λ (T) values are not presented in the figure. The temperature dependence in β λ is illustrated in Fig. 4 (a) , including the spectrum between 0.6 and 1.6 μm. It is clearly seen that the trend in β λ (T) is monotonically decreasing under heating. This may be plausible, as the increase in the T λ i,∩ (T) values is significant in this spectrum, as presented in Fig. 3 (a) . In terms of IR heating with an IR lamp, such an evolution in the thermo-optical properties of semi-crystalline polymers may be crucial as considerable amount of radiation energy may be emitted in the corresponding spectrum. To illustrate this point, the spectral ranges of the black body emissive power (E λb (W/ m 2 μm)) at 2000 and 2600 K were displayed together with the β λ (T) of PE in Fig. 4 (b) . Considering the fact that a halogen IR lamp used for injection stretch blow molding (ISBM) processes has a temperature around 2000-2600 K, maximum emission wavelength (λ max (μm)) of the lamp should be theoretically around 1.1-1.4 μm, regarding to Wien's displacement law [22, 23] . In addition, nearly 95% of total energy emitted by such an IR lamp lies between λ max /2 and 5λ max which reflects a spectral range roughly between 0.6 and 7 μm [20, 22, 23] . It may therefore be concluded that the temperature dependence in the thermo-optical properties of semi-crystalline PE seen in NIR range may have a significant effect on the amount of absorbed energy, due to both high level of emitted radiation by IR lamp and the variation in its absorption characteristics.
Based on the temperature-dependent behavior observed in the T λ i,∩ (T) tests, the T λ i,∩ (T) measurements obtained between 25°C and 97°C were ignored as the change in temperature did not cause any variation in the measured values. By the same token, R λ i,∩ (T) measurements between 25°C and 107°C were ignored. The main reason to neglect the measurements that shows no temperature dependency is to reduce computational cost. By reducing the number of numerical input, it will eventually reduce the number of iteration steps of the closed-loop computations, which is explained in detail in Section 3.2. At the end, the β λ (T) was computed at 12 different temperature steps between 25°C and 128°C. Each calculated β λ (T) was used as input in the numerical model for computing the radiative power absorbed by the polymer medium, namely radiative source term (∇.q r (W/m 3 )) , for each corresponding temperature step. Prior to the ∇.q r computations, the β λ (T) was integrated for the spectral range of 95% of the emitted energy from an IR lamp that is between λ max /2 and 5λ max (Equation (4)). This spectral range can be determined by knowing the temperature of IR emitter and adopting Wien's displacement law. It should also be noted that I°λ in the equation below represents the incident radiation intensity emitted from an IR lamp. 
3. Background of the numerical model
Temperature-dependent thermophysical properties
The temperature dependence in the thermophysical properties of PE, namely thermal conductivity (k (W/mK)) and specific heat capacity (C p (J/kgK)), were taken into account in the model. It is known that temperature-dependence in k of semi-crystalline polymers is strongly affected by their crystalline structure [1, 17] . The temperature-dependent k of PE used in the model was adopted from literature [1] . The temperature-dependent variation of the adopted k values was presented in our previous study [5] . Although, variations in X c may result in an increase of the conductivity of semi-crystalline polymers [1, 19, 28] , it was assumed here that k was independent of X c . In addition, highly ordered crystalline structures that form in certain directions may introduce anisotropy in the thermal conductivity of semi-crystalline polymers as stressed in Refs. [28, 29] . Such a potential effect was neglected in the numerical model and isotropic conductivity was assumed for PE.
The apparent heat capacity (C p, apparent (J/kgK)) of the PE, that represents the total energy required for increasing the temperature of unit mass of polymer, was measured employing a power compensated differential scanning calorimeter (DSC). As shown in Fig. 5 , the C p, apparent of PE under heating conditions is not strictly monotonic but exhibits a phase transition related to the melting of the crystalline phase of PE. The temperature-dependent apparent heat capacity (C p, apparent (T)) can thus be described with Equation (5) considering the temperature-dependent specific heat capacity (C p (T)) and the phase transition enthalpy ΔH melting (J/g) [17, 30] . For the sake of simplicity, the melting kinetic was however not modeled and the C p, apparent (T) was directly used as an input in the numerical model.
Under heating condition, the potential reduction in X c due to partial melting of crystalline phase may also cause to change the density (ρ) of PE [17, 19, 31] . As a consequence, the specific volume (V ) of the material -which is reciprocal of ρ-may change significantly under varying temperature [1, 32] which physically addresses the thermal expansion of polymer medium. Considering isochoric simulations, such expansion in polymer geometry was not taken into account hence; the spatial expansion in the node coordinates of the modeled mesh elements is ignored under varying temperature. On the contrary, in terms of computational cost for radiation transport and the absorbed radiation energy in the model, the consideration of this effect would introduce complexity as the ray tracing computations should be rerun at each computational step. Therefore, temperature-dependent ρ of PE was considered as negligible in the model. Nevertheless, the initial value of the ρ was defined as a function of the X c of PE samples in the model. The two-phase model was adopted for defining the global density (ρ global ) of PE regarding the fraction of crystalline and amorphous phases (Equation (6)) [31, 33] . The ρ global in Equation (6) represents the macroscopic density of simulated polymer geometry.
In this study, X c of PE was taken as 67% which corresponds to the average value measured on the injected PE plates and obtained from the calorimetric analyses. The density of crystalline and amorphous phases of PE that are appeared in Equation (6) were adopted from literature [19, 34] , as 1000 and 855 kg/m 3 , respectively. Hence, ρ global was defined as 952 kg/m 3 in the model.
Radiation heat transfer modeling approach based on temperaturedependent thermo-optical properties of semi-crystalline thermoplastics
As aforementioned, absorbed radiation inside of PE polymer medium was computed using an in-house developed radiation heat transfer algorithm -RAYHEAT-. In the algorithm, thermal radiation computations are done based on Ray Tracing method so that the emitted radiation from an IR lamp is modeled as traveling in straight lines, called rays. In RAYHEAT, only the tungsten filament of an IR lamp is taken into account. Therefore, the length of each IR lamp is modeled considering the length of its tungsten filament. Each single filament is modeled by equivalent cylinders where its spiral form is neglected. In this study, the diameter of a cylindrical filament is modeled as 2.15 mm, in accordance with the IR heating experiments presented in Section 4. The emitted energy from the filament of a halogen IR lamp is assumed Lambertian and the source is considered as a grey body. In addition, the discretization of the ray from the surface of modeled filament was performed adopting a stochastic approach [35, 36] . Thanks to this, a numerous number of rays are released randomly from the cylindrical surface of filament. The total amount of the emitted energy is uniformly shared among all the rays. The further explanations about the released rays from the modeled filament and the schematical illustration of the released rays in RAYHEAT can be found in Ref. [35] . In the model, the emitted rays which do not touch the polymer geometry is considered lost. Once a ray intersects the polymer geometry, some of the carried energy is reflected and the remaining part of the energy is transmitted through the polymer medium, where the direction of each ray is changed at the air/polymer interface due to refraction. The change in the direction of each ray is computed based on Snell-Descartes law in RAYHEAT, as explained in Ref. [35] . The refractive indices of air and PE medium were adopted in this study as 1 and 1.54 [7] , respectively. The current version of RAYHEAT is based on optically homogeneous medium assumption. Therefore, the absorption of radiative energy inside of PE medium is computed following the Beer-Lambert Law, according to Equation (7) [22].
The radiative power absorbed by the polymer medium, ∇.q r , at the depth "z" is defined with Equation (8), at which β λ is the sum of both absorption (κ λ ) and scattering coefficients (D λ ):
The working algorithm of the model is displayed schematically in Fig. 6 . As RAYHEAT is a MATLAB-based code, the iterative closed-loop between RAYHEAT and COMSOL Multiphysics ® was established using MATLAB LiveLink feature which allows to transfer the computed ∇.q r into COMSOL Multiphysics ® as a numerical input at each time step. More specifically, in RAYHEAT, ∇.q r was computed for each volumetric mesh element of the modeled polymer. Based on ray tracing approach, knowing to the information on the direction and the position of each ray entering the mesh element, the traveled distance inside of the element, and thus the attenuated power of each ray was computed. The accumulation of the attenuated power of all the rays traveling through each volumetric mesh element resulted to obtain the ∇.qr (W/m 3 ). The absorbed power of each mesh element was transferred from RAYHEAT to COMSOL using the MATLAB Livelink, where also the identical mesh elements were transferred.
The algorithm closed-loop then consisted in solving the transient heat transfer equation (Equation (9)) to predict the temperature field and in calling back RAYHEAT for updating the ∇.q r of polymer medium regarding the computed temperature at the end of the corresponding iteration step. Therefore, the change in the amount of radiative energy absorbed by the PE medium during the time step -which is a function of the temperature and the spatial coordinates of the modeled mesh element-, is introduced in the model. As the calculated β T ( ) corresponds to the specific temperature step adopted for the temperature-dependent optical properties measurements, the numerical model interpolates ∇.q r , regarding the ∇.q r of the two most close temperature steps in case that a computed temperature of a mesh element is somewhere between the adopted temperature steps. Otherwise, in a case that the temperature of a mesh element is lower than 25°C or higher 128°C, the model assigns the ∇.q r computed at 25°C or 128°C, respectively. Such a temperature dependency at mesh scale was not considered for the thermophysical properties of PE thus, temperature-dependent k and C p was assigned as a global parameter on the modeled PE medium. Hence the model computes the average temperature of the medium and updates these parameters at each computational time step.
For thermal radiation computations based on ray tracing method, one of the important parameters is the number of modeled rays. In RAYHEAT, the effect of the number of ray on computational time and accuracy in the ∇.q r was analyzed in Ref. [35] considering a square PET polymer plate heated by a single IR lamp. Their convergence studies suggested that the modeled rays greater than 1 million allows computing the absorbed radiation with an error less than 5% in RAYHEAT. Nevertheless, this suggestion may only be a reference for heating a simple geometry since an increase in the complexity of the geometry may also affect the accuracy of ray tracing computations. The accuracy may not be related to the ray tracing method as it is independent of geometric complexity but to the finite element meshing of the complex geometries and, its interaction to the intersected modeled rays [36] .
In order to reduce the computation cost, the radiative energy that may be absorbed by each modeled 3D mesh element was computed and saved before starting the iterative closed-loop computations. Therefore, all the potential scenarios of the ∇.q r values absorbed by each mesh element were computed regarding to all the integrated β T ( ) values. As aforementioned, the temperature steps where no variation in both T λ i,∩ (T) and R λ i,∩ (T) measurements seen was ignored for the β T ( ) calculations. Thanks to this, the number of potential scenarios for the computed ∇.q r was reduced. In total, 12 different scenarios of ∇.q r were created for 12 temperature steps. The boundary conditions and adopted parameters for both the cases of numerical simulations are presented in Table 2 .
IR heating of PE and model predictions
IR heating experiments and thermal measurements
The accuracy of the numerical model was analyzed performing numerical-experimental comparisons for the case of IR heating experiments with the injection molded PE plates. The surface temperatures of the plates were measured via IR thermography and conventional contact thermocouples. Due to the semi-transparent medium of PE, preliminary experiments were done and, an experimental methodology was developed to obtain an accurate surface temperature via IR thermography. Subsequent preliminary IR thermography tests were performed using PET and PE plates where both the plates were geometrically identical. For all the IR heating experiments, a single IR lamp with a power of 1 kW (Toshiba JHS 235 V) was used. The cylindrical tungsten filament of the used IR lamp is 300 mm long, with a diameter of 2.15 mm.
IR thermography in semi-transparent PE medium and preliminary experiments
Regarding the transmittance behavior of PE, it has several narrow bands in MIR range where it shows very low transmittance and therefore it is close to be opaque [5, 37, 38] . Therefore, accurate IR thermographic measurements may be performed on PE surface only considering these spectral bands. A typical long-wave (LW) IR camera has an operating spectral range between 7 and 14 μm [20] that cover two of the narrow spectral bands -around 7.6 and 13.6 μm, respectively-, at which PE has very low transmittance. However, as they are relatively narrow in comparison to the operating range of a typical IR camera, narrow bandpass (NBP) optical filters are necessary for quantitative IR thermographic measurements at these spectrums. At very first step, two different NBP optical filters (Northumbria Optical Coatings) close to 7.6 and 13.6 μm with bandwidths of ± 0.10 μm and ± 0.21 μm respectively were employed for the IR thermography of PE polymer. Both the filters were externally mounted and tested on two different IR cameras, namely a cooled LW IR camera (AGEMA 880) and an uncooled microbolometric IR camera (FLIR SC325). Thanks to this step, the sensitivity of both the employed IR cameras was analyzed at these preferably selected wavelengths. Initial analyses showed that the sensitivity of SC325 was too low for both the narrow bands, whereas enough sensitivity was recorded by the cooled LW IR camera only for the optical filter which has a spectrum between 7.5 and 7.7 μm [16, 39] . It should be mentioned here that the operating spectral range of the employed LW IR camera is between 8 and 12 μm [21] indicating that spectral sensitivity of the IR detector is nominal in the corresponding range, whereas the detector is still sensitive at the wavelengths beyond, but close to, this range. Similarly, our sensitivity analyses showed that the LW IR camera is still sensitive enough in the spectral band around 7.6 μm. Nevertheless, an extra step was required to be applied to adjust the sensitivity of the IR camera in terms of obtaining a correct temperature related to the energy captured by the IR detector of the camera. Therefore, the optical filter mounted IR camera was calibrated using a black body calibration source (Landcal P550P) so that correlation between the IR radiation captured by the camera and a measured temperature was established. The calibration was done choosing reference temperatures on the black body source between 60 and 120°C. The isothermal unit (UI) detected by the IR camera was registered for each corresponding reference temperature. Thus, a calibration curve was developed which enables to convert the detected energy emitted from the surface of the polymer to a temperature value. This calibration step is explained further in Ref. [39] .
The question arises here about the sensitivity of the optical filter mounted IR camera in case of receiving the emitted energy from a real body, unlike a black body. This point was analyzed performing IR thermography tests using PET polymer. As aforementioned, PET behaves opaque in the operating spectral range of a typical IR camera. More specifically, it was reported in Ref. [21] that the optical penetration depth (D p ) of PET is around 30 μm in the spectral range between 5 and 20 μm. Hence, PET was used as a reference material for obtaining a reliable surface temperature via IR thermography and analyze the accuracy of the filter mounted LW IR camera. For the tests, a PET plate was heated using a single IR lamp and its back surface was monitored by the filter mounted LW IR camera (AGEMA880). The back surface temperature was also measured employing the other IR camera, FLIR SC 325. As no filer was mounted in this camera, and it operates between 7.5 and 13.5 μm [20] , its measurements were considered as a reference for analyzing the accuracy of the optical filter mounted IR camera. In addition, one TC attached in the middle zone of the back surface for the comparisons. During the experiments, power of the IR lamp (P lamp (%)) was changed between 15% and 35% of its nominal power and the temperature measurements were done once back surface temperature reached steady state. At the end, 5 different measurements were obtained between 50 and 70°C. The surface temperature was read by the two IR cameras on the arbitrarily chosen zone which was next to the attached TC. All the recordings obtained by the IR cameras and the TC were compared at each steady-state temperature step ( Fig. 7(a) ). It was found that the maximum temperature difference (ΔT (°C)) between the values recorded by the two IR camera was around 1°C (Fig. 7 (b) ) verifying that the filtered energy captured by the optical filter mounted IR camera is sufficient to obtain accurate temperatures on a real body.
Apart from the sensitivity of the IR camera, the accuracy of the surface temperature measurements on PE was analyzed in terms of the D p of PE in the spectral range where IR thermography was achieved. In our previous study [39] , the D p of PE was calculated considering the spectral band of the employed NBP optical filter, between 7.5 and 7.7 μm. Unlike to PET, it was found that its D p is around 350 μm indicating that the absorbed and therefore emitted radiation may not be considered on the surface of PE but, in a range close to surface. The relatively high D p of PE raises another question related to the accuracy of the surface temperature of PE obtained by IR thermography. In other words, the temperature read by the IR camera may correspond to the temperature of the 350 μm thick layer beyond the surface. Hence, it was required to understand how much difference may occur between the actual surface temperature and the recorded temperature by the IR camera. This point was investigated performing another preliminary IR thermography test using a PE plate. Similar to the former preliminary tests done with PET, the plate was heated using the identical IR lamp and the back surface temperature of the PE plate was recorded by the optical filter mounted IR camera and two TCs, namely TC-1 and TC-2. P lamp was changed between 60% and 90% and four different measurements were obtained at four steady state temperatures. In Fig. 8 (a) and (b), the test setup for IR heating of PE plate is presented. As it is shown Fig. 8 (b) , the TC-1 and TC-2 were attached in the midpoint and 4 mm away from the lower edge, respectively. A wood-based panel made of medium-density fiberboard (MDF) was used as a barrier and positioned in front the IR lamp. A small frame (70 × 70 mm) was designed for positioning the PE plate. The reason for using a barrier was to perform an IR thermographic measurement on the back surface of the PE plate, without any disturbance of a direct emission from IR lamp to the IR camera. In addition, the front surface of the barrier was covered with metallic adhesive tape in order to limit heating on the barrier, as potential heat transfer from the barrier to the PE plate would cause an erroneous temperature measurement. Furthermore, a transparent adhesive tape was used to fix the position of the attached TCs, as also presented in Fig. 8 (b) . The comparison between the IR thermography and the TC measurements are displayed in Fig. 9 (a) and (b). In Fig. 9 (a) , the temperature values recorded by the IR camera and the two TCs at steady state condition are presented. The term -position-in Fig. 9 (a) represents the distance between the endpoints of the axis defined in the vertical direction, as shown Fig. 8 (b) . The temperature values recorded by the IR camera were read alongside this axis which was positioned halfway between the right and left edges of the plate, like the TC-1 and TC-2. As it is seen in Fig. 9 (b) the general trend in the ΔT between the TC recordings and the IR thermography was around 1-2°C, except the two measurements which show difference around 3°C. Apart from the relatively high D p of PE, the potential uncertainties on the contact quality between the TCs and the plate during the IR heating may increase the margin of error of measurement, and thus ΔT. Nevertheless, it is assumed that the optical filter mounted IR camera provided surface temperature on PE with a small error, which is mostly less than 2°C. Considering that the average measured temperature is around 70°C, it may be stated that the error in the temperature read by IR camera is less than 3%.
The other limitation of the developed experimental methodology at this moment was that the surface temperature measurements could only be done at steady-state conditions. It was observed in all the preliminary IR thermography tests that the externally mounted optical filter causes a potential drift in the UI values registered by the IR detector where the UI values increased over time. Unlike the factory builtin filters that are mounted inside IR cameras, the externally mounted filter is not cooled which eventually may cause a potential self-heating on the filter over time and thus, may cause an additional radiation detected by the IR detector [40] . The two points related to the error in the surface temperature of PE and, the IR thermographic measurements obtained only at steady state temperatures are thus needed to be analyzed further. Nevertheless, the developed experimental methodology enables to obtain a surface temperature on semi-transparent PE medium that is close enough to the real surface temperature, which may not be obtained using a typical IR camera due to the relatively narrow low-transmittance bands of PE.
Experimentalnumerical comparisons for IR heating of PE plate
The comparisons between the predicted and experimentally measured temperatures were done adopting the identical conditions for the case of IR heating of a PE plate. IR heating experiments were carried out Fig. 7 . Preliminary IR thermography tests using PET plate for the sensitivity analyses of the optical filter mounted IR camera (a) and, the measured ΔT between the two IR cameras (b). using an identical 2.2 mm thick PE plate tested in the preliminary IR thermography experiments. Similar to the preliminary experiments, the PE plate was heated with the halogen 1 kW IR lamp. Whereas, P lamp was set to 100% of its nominal power, at which the temperature of the IR lamp filament was 2400 K. In order to cross verify the temperature fields obtained from IR thermography, three TCs were attached on the back surface of the PE plate, namely TC-1, TC-2 and TC-3. The TC-1 and TC-2 were positioned 9 mm and 4 mm away from the left and the lower edges of the plate, respectively. TC-3 was attached in the midpoint of the back surface. The IR heating and the TC recordings were started simultaneously so that the real-time temperature evolution of the plate was recorded in three different points for comparing it with the predicted heating behavior obtained from the numerical studies. In addition, it was observed that the back surface temperature reached steadystate after 600 s of heating and the IR thermographic measurements were thus obtained when the temperature of the plate was at steadystate.
The front surface of the PE plate was positioned 8 cm away from the IR lamp. This distance was chosen based on the β λ (T) behavior of PE and the temperature profile observations obtained from the preliminary IR heating experiments of the PE plate. More specifically, it was aimed to reach a steady-state temperature on the PE plate which is below, but close to its melting range Since the β λ (T) of PE changes significantly at temperatures close to its melting range ( Fig. 4 (a) ), a condition at which the polymer is heated up to this range may help to highlight how the temperature dependency in β λ affects temperature field predictions. Hence numerical-experimental comparisons presented here does not only aim to assess the prediction accuracy of the model including β λ (T) as numerical input, but also reveals the lack of prediction if a constant β λ is taken into account in the model, especially for the cases where the polymer is heated up to temperatures close to its melting range. To analyze both the points, a parametric case study was done where two different simulation cases were built (Table 3 ). In the simulation case-1 (C-1) the absorption characteristics of the PE medium was modeled as independent of temperature adopting only ∇.q r (25°C). In the simulation case-2 (C-2), the computation was done considering the temperature dependent absorption characteristics (∇.q r (T)) computed using the β λ (T) values (Table 3 ). For both the cases, all the other boundary conditions were built in exact manner adopting the identical conditions as applied in the IR heating experiments. In the model, the plate geometry was meshed with 2800 linear hexagonal elements, and the temperature of each mesh element was computed as the average temperature of its nodes' temperatures. Based on the experimental time required for reaching the steady-state, heating of the plate was simulated up to 600 s. The emitted radiation from the IR lamp was modeled using 1.5 million rays. This number of ray was chosen regarding the convergence analyses reported by Cosson et al. [35] , which run ray tracing computations using RAYHEAT. In terms of computational cost, the ray tracing and ∇.q r computations took 10 min for C-1 and 65 min for C-2 using an Intel Core i5 processor (with 2.40 GHz, 8.0 Gb of RAM).
As aforementioned, the transient heat transfer problem combined with conduction and convection, beside of radiation phenomenon, was solved using COMSOL Multiphysics where the iterative closed-loop computations were performed establishing a connection between RAYHEAT and COMSOL Multiphysics ® via MATLAB LiveLink. Conduction between the barrier and the PE plate was taken into account including thermal contact resistance (TCR) at the barrier/plate interface. The TCR value at the barrier/plate interface was chosen as 600 W/m 2 K from Ref. [41] . In addition, the thermophysical properties of the barrier were adopted from literature. The thermophysical properties of different types of MDF were experimentally analyzed in Refs. [42, 43] . Since the MDF type of the barrier used in this study it is not known, the thermophysical properties of MDF found in Refs. [42, 43] were averaged and adopted for the barrier. In the model, the C p , k and ρ of the barrier were defined as 1000 J/kg/K, 0.10 W/m/K and 690 kg/ m 3 , respectively. It was also assumed that all these adopted parameters are independent of temperature. In addition, potential heat losses due to convection and self-emission of the PE plate were taken into account in the model. The natural convection cooling on the PE plate was modeled using the relation proposed by Churchill and Chu [44] for vertical wall surfaces. In case of IR heating up to 600 s, the momentum of buoyancy-driven air flow over the vertical surfaces of the plate was also considered. At very first step, the regime of the buoyancy-driven heated air flow was estimated calculating the Grashof Number [45] . It was found that the laminar flow can be assumed, regarding the geometrical dimensions of the PE plate and, the maximum and minimum temperatures of the plate surface. Considering the identical case used in the IR heating experiments and assuming a laminar flow for air, the heat transfer coefficient (h (W/m 2 K)) was computed in COMSOL considering the front and back surfaces of the plate and, used as input in the iterative closed-loop computations. Due to varying convective velocity field of air alongside of the front and back surfaces of the plate, the computed h values on both the surfaces were found between 5 and 9 W/m 2 K.
The self-emission was also modeled on both front and back vertical surfaces of the PE plate. Using the T λ i,∩ (97°C) and R λ i,∩ (97°C) measurements of the thinnest PE film used in this study (250 μm thick samples), the emissivity of PE was calculated around 0.77. The measurements at this temperature step were chosen considering that the polymer was heated up to 130°C for forming processes. It should be pointed out here that, in the finite element modeling (FEM) software, emissivity is modeled on the surface considering a case of opaque materials which is parametrized as surface emissivity (ε surface ). Therefore, it is assumed that all incident radiation is either absorbed or reflected on the surface of opaque medium, whereas no transmission of radiation through its medium is considered. However, this is not the case for PE polymer as it is semi-transparent [37, 38, 46] , which is also shown in this study considering its spectroscopic measurements. Simply, the emissivity of semi-transparent materials is a global physical quantity which theoretically represent emission from medium but not from surface [20, 47] , due to volumetric absorption. In other words, the emitted energy, and thus the value of emissivity, of an opaque material does not change by a change in their thickness, conversely it is strongly affected by a change in the thickness of semi-transparent materials [48] which makes ε surface fundamentally unsound. Nevertheless, it may be assumed that the emissivity measurements in very thin PE samples may represent ε surface . For instance, the optical properties of 100 μm thick HDPE and LDPE films was experimentally characterized by Okada et al. [37] and the emissivity values for both type of PE polymer was found around 0.28. The transmittance spectra and absorption bands of both the studied PE polymers in Ref. [37] show close agreement with the spectroscopic analyses of PE samples studied here. Similarly, the reflectance and transmittance characteristics of 100 μm thick HDPE film was reported by Mastai et al. [46] which also show close agreements with [37] . In addition, following Equations (1) and (2) , and knowing that A λ = f (ρ λ , τ λ ) and τ λ = f (β λ , x), the determined values of ρ λ and Table 3 Case studies adopted for numerical simulations.
Radiation absorption in polymer medium
Simulation Case -1 (C-1)
Constant radiation absorption with ∇.qr (25°C) Simulation Case -2 (C-2)
Temperature-dependent radiation absorption with ∇.q r [T,x,y,z]) between 25 and 128°C β λ from our spectroscopic measurements were used for calculating A λ of a 100 μm thick PE medium. The comparison between the calculated A λ and the absorbance spectrum of HDPE and LDPE in Ref. [37] also showed close agreement. Therefore, the emissivity value of 100 μm thick PE proposed in Ref. [37] was assumed as ε surface in the model, instead of adopting emissivity value of the 250 μm thick PE sample that was used in this study. For the numerical -experimental comparisons; two profiles were defined in vertical and horizontal directions on the PE plate. The horizontal profile was defined alongside the IR lamp axis whereas the vertical profile was perpendicular to the IR lamps axis. In Fig. 10 , identically-created profiles on both IR thermography of the plate (a) and, the numerical simulation (b) are presented. The scale bar on the IR thermography of the plate (Fig. 10 (a) ) represents the radiometric values (UI).
In Fig. 11 , the comparisons between the temperature profiles obtained from the experimental and the numerical studies are presented on the vertical (a) and horizontal (b) profiles. As it is seen, C-2 predicts the back surface temperature of the PE plate closely, whereas C-1 overestimates the experimental results by around 10°C. In terms of accuracy of the model built as C-2, two different points may be raised further. First of all, ΔT between the predicted and experimentally measured temperature is less than 3°C throughout the vertical profile. Whereas, in terms of comparisons on the horizontal profile, this small difference is only seen on the middle zone of the plate (the position between 10 and 60 mm, which is defined in x axis). In addition to this, ΔT on the horizontal profile becomes somewhat significant considering the zones close to the edge of the plate which may be attributed to the underestimation of the potential conduction heat losses between the barrier and PE plate. As aforementioned, the thermophysical properties of the wood-based barrier were adopted from literature, but not experimentally characterized. Secondly, such difference does not exist on the vertical profile where also a non-balanced temperature distribution alongside the vertical direction of the plate is seen, as illustrated in Fig. 11 (a) . The non-balanced profile is induced by the heated air that moves upward along the heated vertical surface. The close prediction then shows that the computed h which considers the buoyancy-driven air flow in the vertical direction, was well defined. This may also be the dominating mode of heat transfer on the vertical direction, rather than conduction between the barrier and the plate, and thus results in better convergence between the predicted and experimental results on the vertical profile. Considering that the thermoforming window of semicrystalline PE is around 4-5°C, the ΔT between the experimental results and both the predicted values of C-1 and C-2 clearly indicates that characterization of the temperature-dependent thermo-optical properties of semi-crystalline polymers may be one of the key factors for the accuracy in temperature field predictions.
The real-time temperature evolution on the PE plate was also analyzed comparing the TC recordings to the numerical results obtained from C-2. The numerical results were taken at the same location of the TC-3, which was attached at the midpoint of the back surface. In both the TC-1 and TC-2 measurements, the fluctuations were seen which was probably due to contact quality between the TC and the PE plate, in contrast to the TC-3 measurements. In this drawback, the contact quality is deteriorated not only due to securing a fixed position for the TC but also the softening behavior of the PE polymer, especially seen when it is close the melting range. Therefore, it may be stated that the non-invasive IR thermography may provide more reliable temperature measurements that can also be a reference for the numerical-experimental comparisons. Nonetheless, since no such fluctuations was observed in the TC-3 measurements, the comparison between the precited real-time temperature evolution to the TC-3 recordings was presented in Fig. 12 . Furthermore, in terms of comparisons between the TCs and the predicted temperature, the position of the TC-3 may be the most reliable to analyze the accuracy of the temperature-dependent numerical model with respect to the absorbed radiation. As illustrated in Fig. 12 , the temperature evolution was closely predicted, especially at the steady state temperature zone. Regarding the entire time range up to 600 s, ΔT between the experimental and numerical values may not be fully negligible in the temperature ramp-up period, where after the ΔT reduces to 1°C at the steady state zone. Using the current IR heating test setup configurations, C-2 may still need to be optimized in terms of accuracy in the numerical inputs, other than thermal radiation parameters of the heated polymer. However, it should be mentioned here that, the IR heating experiments carried out in this study are the pilot analyses for the thermoforming process of PE polymer. More specifically, in the thermoforming process of PE studied here, thermal radiation is the dominant mode of heat transfer where no barrier is used around a polymer with shorter heating time duration than the one adopted here.
Conclusions
In this study, an experimental methodology and numerical approach is proposed for radiation heat transfer in semi-crystalline thermoplastics. The proposed experimental and numerical approaches were analyzed here for the case of IR heating of PE. The challenges for radiation transport in semi-crystalline polymers may be categorized into the two main aspects: optical heterogeneity in polymer medium due to semi-crystalline nature and, semi-transparency in certain type of semicrystalline polymers, such as PE analyzed here. Considering any type of monochromatic or polychromatic radiation source -such as laser and Light Emitting Diodes (LED) -the combined experimental-numerical approach proposed in this study may be adopted for temperature field predictions and non-invasive temperature measurements for the radiatively heated semi-crystalline thermoplastics.
Optical scattering is inherent for any type of semi-crystalline polymer due to their semi-crystalline nature, at which it especially becomes a key in a case that the polymer is also semi-transparent regarding the spectral range of IR radiation. The radiation heat transfer model presented in this study proposes a macroscopic numerical approach to address indirectly the optical scattering and the change in its behavior under heating condition, without modeling how the light scatters inside of polymer medium. In other words, the effect of optical scattering on the absorption characteristics of semi-crystalline PE was taken into account without modeling the spatial distribution of the scattered light intensity at microscopic levels, which offers computationally cost-effective numerical solutions. To model this relation under varying temperature, an experimental methodology was developed. Initially, the optical measurement method, particularly for the transmittance characteristics of semi-crystalline PE, was discussed and its effect on the accuracy of the numerical input was highlighted. The directional-hemispherical optical characteristics of PE were determined under heating and, its temperature-dependent behavior was demonstrated especially in the temperature ranges close to the melting range which is strongly related to the change in its crystalline phase. Thanks to the experimental analyses, β λ (T) values of PE were calculated between room temperature up to 128°C and used as numerical inputs in the model. Thanks to the closed-loop iterative computation algorithm built in the model, the temperature dependence in the absorption characteristics was modeled at mesh scale.
The accuracy of the model was assessed performing numerical-experimental comparisons for the case of IR heating of PE plate. Temperature fields and evolutions on the PE plate was measured via TCs and IR thermography Due to the semi-transparent medium of PE, an experimental methodology was developed for obtaining the most accurate surface temperature possible via IR thermography. Based on the successive preliminary IR thermography tests, it was observed that IR thermography of PE may be obtained with a maximum uncertainty up to 2°C. A parametric case study was performed adopting the two different simulation cases (C-1 and C-2) with the aim of analyzing the effect of temperature dependent optical properties on the temperature field predictions of radiatively heated PE. The C-2, which was built using β λ (T), predicted the temperature closely where the difference between the experimental and numerical results was less than 3°C in the middle zone of the PE plate. Conversely, the C-1 overestimated the experimental results by around 10°C which is likely happen due to the ignorance of the weakening in the absorption characteristics of PE induced by β λ (T). Even though the predicted temperature shows somewhat difference close to the edges of the PE plate, the close prediction in the middle zone of the plate demonstrates the accuracy on the computation of the absorbed radiation in PE medium which evolves under varying temperature due to β λ (T). Considering that the thermoforming window of semi-crystalline PE is around 4-5°C which lie in polymer's melting range, its temperature-dependent thermo-optical properties may be one of the key factors for the accuracy in temperature field predictions.
In order to validate the model further, thermal measurements may be extended including through-thickness temperature profiles of a heated sample in more complex geometries other than a square or a rectangular slab. However extra attention may be given to the radiation transport in such condition, as the complexity in ray tracing modeling may also increase due to combined effect of both the higher geometrical details and optical scattering phenomenon. In future work, a numerical model at microscopic level will be developed, that also addresses the spatial distribution of the scattered light which may be a function of the size of scatterer in relation to the crystalline morphology of semicrystalline polymers. Thanks to this, a complete solution for the absorbed radiation in an optically heterogeneous 3D polymer medium may be obtained.
